Modeling with OEDGE was carried out to assess the initial and long-term plasma contamination efficiency of Ar puffing from different divertor locations, i.e. the inner divertor, the outer divertor and the dome, in the EAST superconducting tokamak for typical ohmic plasma conditions. It was found that the initial Ar contamination efficiency is dependent on the local plasma conditions at the different gas puff locations. However, it quickly approaches a similar steady state value for Ar recycling efficiency >0.9. OEDGE modeling shows that the final equilibrium Ar contamination efficiency is significantly lower for the more closed lower divertor than that for the upper divertor.
Introduction
One of the most critical issues to be addressed for ITER is the control of the heat load on the divertor targets [1] . Injecting highly radiating impurities such as nitrogen, neon and argon offers a primary method to achieve this goal. Experiments on many tokamaks such as JET, DIII-D, ASDEX-Upgrade and C-MOD [2] [3] [4] [5] have demonstrated that divertor impurity injection is effective at reducing the heat load on the target and improving plasma confinement, but may lead to significant core plasma contamination. The Experimental Advanced Superconducting Tokamak (EAST) [6, 7] has just completed its heating power upgrade for high-power long pulse operation. Power loading on the divertor target plates will pose a significant challenge for EAST high-power long pulse operation in the near future. In contrast to other tokamaks, Ar is the preferred radiating impurity for EAST as lithium coating is routinely carried out in EAST for wall conditioning. Here, we present the first modeling results on the expected core contamination of Ar puffing from various divertor locations in EAST using the OEDGE Monte Carlo impurity transport code [8] to guide future experiments. Note that Ar puffing has been explored in EAST [9, 10] to assess its impact on divertor power loading, but no adequate measurements were available for benchmarking the simulations. Dedicated experiments are planned in the next EAST campaign to validate the code predictions. The remainder of this paper is organized as follows. Section 2 introduces the EAST divertor configurations and the boundary diagnostics that provide the input information required for OEDGE modeling. Section 3 presents the detailed modeling of the transport of Ar injected from various divertor locations in the boundary plasma, as well as the assessment of the Ar contamination efficiency of the core plasma, followed by a summary and discussions in section 4.
EAST divertor configurations and diagnostics
The EAST superconducting tokamak is a medium-sized fully superconducting tokamak device used to demonstrate long pulse stable high-performance plasma operations. The major radius is R=1.7-1.9 m and the minor radius is a=0.4-0.45 m. The designed toroidal field strength is B t =3.5 T and maximum plasma current is I p =1 MA. The heating and CD systems include the lower hybrid current driven (LHCD) system, the ion-cyclotron resonance frequency (ICRF) system and the neutral beam injection (NBI) system, with total injected power up to 28 MW.
EAST has the flexibility of operating in upper single null (USN), lower single null (LSN) and double dull (DN) divertor configurations. It completed a significant upgrade in 2014 campaign, converting the upper carbon divertor to an ITERlike W-Cu monoblock cassette structure with active watercooling. The lower divertor is covered with SiC-doped graphite and the first wall is covered with molybdenum.
EAST features the following key boundary and divertor diagnostics. The divertor Langmuir probe system was installed in both the upper and lower divertors [11] , providing measurements of electron temperature, T e , electron density, n e , as well as particle and heat fluxes on the target plates. The heat fluxes were calculated from electron temperature and density measured by Langmuir probe and assuming the heat transmission coefficient γ=7. The EAST filterscope diagnostic system monitors various deuterium and impurity line emissions from the divertor and scrape-off layer (SOL), including D α (656.1 nm), D γ (433.9 nm), CIII (465.0 nm), etc, with the corresponding wavelength filters. There are 13 channels viewing the upper divertor and 13 channels viewing the lower divertor to provide high time resolution profile measurements [12] . The position of the divertor probes and the view chords of the filterscope are shown in figure 1 . In addition, EAST is equipped with a flexible, multi-purpose gas puffing system, with six puff locations symmetrically distributed between the upper and lower divertor at the inner divertor, and the outer divertor and the central dome in the private flux region at one toroidal location. This allows the introduction of D 2 and various impurities, e.g., CD 4 , N 2 , Ne, Ar, etc, from the different poloidal positions to study gas fueling efficiency, impurity screening and to actively control divertor asymmetry and power loading for high-power long pulse operations.
OEDGE modeling
OEDGE is an edge plasma interpretive code package, which couples onion skin models (OSMs), with the EIRENE and DIVIMP Monte Carlo codes. 'Onion skin' modeling [13, 14] reconstructs a two-dimensional (2D) background plasma model by solving the 1D fluid equations along a series of Figure 1 . Poloidal cross section of EAST. Also shown are the divertor Langmuir probes at the lower divertor, LP-LI01-15 (inner target) and LPLO01-20 (outer target), and at the upper divertor, LP-UI01-28 (inner target) and LP-UO01-26 (outer target); gas puffing inlets at the lower divertor, LI-GPI (inner), LD-GPI (dome) and LO-GPI (outer), and at the upper divertor, UI-GPI (inner), UD-GPI (dome) and UO-GPI (outer); as well as the lower and upper Da chords viewing the lower divertor and the upper divertor, respectively. The number of the chord is counted from the low field side. Equilibrium magnetic field grids for OEDGE modeling, (a) LSN grid based for shot #51884, at 3.98 s; (b) USN grid based for shot #51885, at 3.98 s. Different gas puff locations are also indicated: A-F in turn represent lower outer divertor puff, lower divertor dome puff, lower inner divertor puff, upper inner divertor puff, upper divertor dome puff and upper outer divertor puff. adjacent magnetic flux surfaces using experimental measurements of temperature and density (or ion saturation current) at the targets as boundary conditions and then comparing it with corresponding midplane profile as a constraint. EIR-ENE [15] is a three dimensional (3D) neutral hydrogen Monte Carlo transport code (used in 2D when coupled to OEDGE), while DIVIMP [16] is a 2D impurity particle Monte Carlo transport code. The geometry used in OEDGE is built up from a simple outline of the vacuum vessel and equilibrium computed in correspondence with fitted magnetic surfaces by the EFIT [17] equilibrium reconstruction code. A 2D extended plasma grid is established using the GRID package, which is located in the Fusion Unified Simulation Environment (FUSE) suite [18] . Figure 2 shows the simulation grids for the typical LSN and USN ohmic discharges in EAST. A-F in turn represent the various Ar puffing locations used in the simulations at the , P ohmic =0.27 MW and B×∇B toward the lower X-point. The USN case corresponds to EAST discharges 51867, 51870, 51871, 51872, 51878 and 51885 at 3-4 s. Figure 3 shows the profiles of
Boundary plasma conditions
T and sat e , measured across the inner and outer divertor targets, as a function of the normalized magnetic flux coordinate Ψ n , obtained from several repeated shots, with Ψ n =1 at the magnetic separatrix. The profiles of the divertor target electron temperature, T e , and ion saturation current, + I , sat were obtained from the divertor Langmuir Probes embedded in the target plates. The Langmuir triple probes overestimates the electronic temperature in the private flux region; exceptional decay to couple eV is assumed in these cases. Note that, for the same heating power and plasma density as described above, the LSN case with a more closed divertor structure exhibits a significantly lower T e at the strike points.
The OSM solves for n e , T e , T i , and the background flow velocity by solving one dimensional (1D) conservation equations simultaneously along the flux surface-aligned rings, using the Langmuir probe data at the divertor target as a boundary condition. The OSM also solves for E || by applying Ohm's law to the calculated n e and T e . the OSM is iteratively coupled to EIRENE several times to include volumetric particle, energy, and momentum source terms in the calculation to acquire a complete background plasma solution.
Global electron density and temperature profiles are extracted from the OSM after the final iteration of EIRENE, which serve as a baseline for puffing studies. Figure 4 shows the 2D profiles of T e contours generated by OEDGE using the data from the divertor Langmuir probes. To validate the background plasma solution produced by OEDGE using the target Langmuir probe data, the calculated D α emission is compared with the experimental measurements by the filterscope diagnostics in figure 5 , showing good agreement. The code reproduces the fine structure in the D α emissions in the two configurations, except the USN channel 3 and 4 (private flux region), which does not affect the main conclusion.
Modeling of Ar transport in the divertor SOL
Ar transport in the divertor and boundary plasma was modeled by DIVIMP, which is a 2D Monte Carlo code to follow the trajectories of individual impurity particles in the edge plasma. The Ar atom was initially launched from a divertor location into the plasma background produced by OSM-EIRENE, as described in 3.1, assuming that the local plasma perturbation by the puff is negligible. It was then followed through successive stages of ionization or recombination as it moved through the plasma taking both the cross-field and parallel-field motion into account. The parallel motion was calculated from the balance of forces (friction, temperature gradient, pressure gradient, electric field, etc) acting on the Monte Carlo particle. The cross-field motion is assumed to be anomalous with prescribed cross-field diffusion coefficients. The particle was followed until it deposited on a solid surface, e.g. the first wall or the target.
As a recycling gas, a 95% recycling rate was assigned for Ar. In the code, this results in every Ar particle recycling with a particle weight that is multiplied by 0.95 for each recycling generation. Ar particles were followed until the statistical weight of the particle fell below a specified limit, e.g., 0.1, which resulted in 45 generations of particles being followed in the case. Then, the DIVIMP calculated 2D distributions of Ar impurity density and other information approaching a Figure 4 . 2D T e contours generated by OEDGE using the data from the target Langmuir probes shown in figure 3 for (a) LSN and (b) USN. figure 1 . The calculations were made by EIRENE using the plasma solution generated by the OSM. steady state. The atomic data for Ar were obtained from the ADAS [19] collisional radiative model.
Ar contamination from different locations
We define the contamination efficiency of a specific generation of Ar particles η gen as the ratio of the particles entering the core plasma, i.e. across the main separatrix, to the number of particles injected for that generation in order to access the level of the core plasma contamination from Ar puffing from different divertor locations in EAST over the recycling lifetime of the Ar particles. Hence, the efficiency of the initial Ar puff η init is equal to η 1 , the first generation efficiency. This where the N core,gen is the specific generation of Ar particles entering the core. N core,1 is the first generation. N inj,gen is the specific generation of Ar particles injected. N inj,1 is the first generation. n is the total number of generation.
Ar atoms were launched from the different locations, A-F, as shown in figure 2 . Table 1 shows the initial and longterm core contamination efficiency for Ar injected at the different divertor locations. The lower divertor in EAST features a more closed divertor structure compared to the upper divertor. Clearly, the lower divertor exhibits significantly better divertor screening than the upper divertor for Ar injection from all the divertor locations. This is consistent with previous experiment results [20] for the typical ohmic plasma conditions in EAST. Figure 6 shows the generation contamination efficiency η gen as a function of the recycling generation for puffing from locations A-F. As can be seen, the gas puff location, i.e. the local plasma condition, exhibits a significant impact on the initial Ar contamination efficiency. For the lower/upper divertor in the LSN/USN configuration, the Ar contamination efficiency for injection at the inner divertor targets, i.e. η∼0.014% for LSN and 0.001% for USN, is lower than for Ar injection in the outer divertors, with η∼0.021% for LSN and 0.018% for USN due to the higher plasma temperature at the inner targets for the modeled ohmic plasma conditions. Ar injection from the dome further exacerbates the core Ar contamination with η∼0.187% for LSN and 6.386% for USN, maybe due to direct leakage of Ar through the X-point. However, the contamination efficiency quickly reaches a steady state, independent of the gas puff locations within the divertor. The final equilibrium Ar contamination efficiency appears to be significantly higher for the more open upper divertor compared with the closed divertor at the bottom, which achieves a lower T e for the same upstream plasma conditions as aforementioned; figures 3 and 4. We varied the Ar recycling coefficient from 0.9 to 0.99, but the final equilibrium Ar contamination efficiency remained similar, as shown in figure 7 . Initial core contamination efficiency, η init , and long-term core contamination efficiency, η rec , for Ar puffing at different divertor locations. A-F as shown in figure 3 . The blue points denote η init and the red points denote η rec , which are reported for cases with the recycling efficiency set to 0.9, 0.95 and 0.99.
